■ INTRODUCTION
Biomass burning is a large source of reactive gases and particulate matter that can have major effects on local and regional atmospheric chemistry and human health. 1, 2 The emissions from biomass burning form a complex mixture of species that can change over the duration of the fire and undergo further chemical reactions as emissions are transported downwind. Accurate measurements of fire emissions and fire plume composition after aging are needed, but the data are lacking for many species. 3, 4 Carbonyl compounds such as formaldehyde (HCHO), glyoxal (CHOCHO), and methylglyoxal (CH 3 COCHO) are emitted in large amounts by fires, 3−5 and these compounds can affect numerous atmospheric processes. Their photolysis can form radicals that affect hydroxyl radical (OH) concentrations and ozone (O 3 ) formation, 6−8 and the heterogeneous uptake of CHOCHO and CH 3 COCHO can contribute to the formation of secondary organic aerosol and brown carbon.
9−11 Additionally, both CHOCHO and HCHO can be detected from satellites, 12, 13 and the ratio of those two species has been used as a tracer for the oxidation of other volatile organic compounds. 14, 15 CHOCHO mixing ratios in ambient air typically do not exceed 100−200 pptv, 15−17 but in highly polluted urban areas 18, 19 or in biomass burning plumes such as those observed here, mixing ratios may be several parts per billion. However, to the best of our knowledge there are only two previous reports of the actual emission rates of CHOCHO from wood and foliar burning fires, both conducted in the laboratory. 20, 21 The data from these two studies suggest that CHOCHO emissions from the studied fuels are roughly equal to those from HCHO on a molar basis. These studies in turn have been used to parametrize emissions in global models, which find biomass burning to be a significant contribution (12%) to the global CHOCHO budget. 22 However, only a limited number of fuels were examined, and the reported emission factors were averaged over the whole fire, and thus may not capture changes in emission rates due to changes in the stage of the fire (e.g., flaming versus smoldering).
Both laboratory studies used a method where CHOCHO was collected on cartridges coated with 2,4-dinitrophenylhydrazine (DNPH), which reacts with carbonyls to form carbonyl DNP hydrazones. The derivatized products were separated using high-performance liquid chromatography (HPLC) and quantified by measuring the absorption at 360 nm. However, this method is now known to have interferences from species such as nitrogen dioxide (NO 2 ) and O 3 .
23, 24 Proton-transferreaction mass spectrometry (PTR-MS) has been used to quantify many fire emission compounds including HCHO and CH 3 COCHO, 4, 25 but CHOCHO decomposes to HCHO in PTR-MS instruments, 26 so CHOCHO cannot be quantified using this method, and CHOCHO could be a significant interference for PTR-MS measurements of HCHO.
CHOCHO can also be detected by either using laser-induced phosphorescence (LIP) 14, 27 or by taking advantage of CHOCHO's relatively large and structured visible absorption cross section near 455 nm. 18, 28 When the latter method is used with cavity enhanced techniques such as broadband cavity enhanced spectroscopy (BBCES) 17, 29 or cavity enhanced differential optical absorption spectroscopy (CE-DOAS), 30 sensitive and rapid detection of CHOCHO is possible, even in the presence of species with overlapping absorption features such as NO 2 and CH 3 COCHO. BBCES instruments are also compact enough to be deployed on research aircraft to investigate emissions in the field instead of only in laboratory settings. In this study, we use measurements of CHOCHO from an airborne BBCES instrument to derive CHOCHO enhancements from several small agricultural fires in the summertime Southeast United States.
■ INSTRUMENTATION AND METHODS
Instruments. Data for this study were acquired on the NOAA WP-3D aircraft during the 2013 Southeast Nexus (SENEX, https://www.esrl.noaa.gov/csd/projects/senex) and the 2015 Shale Oil and Natural Gas Nexus (SONGNEX, https://www.esrl.noaa.gov/csd/projects/songnex) field campaigns. Full details of the SENEX payload are given in Warneke et al., 31 and while the gas phase measurements during SONGNEX were similar, only limited particle phase measurements were available during that campaign.
All the instruments used for this study have been described previously, so only brief descriptions will be provided here. CHOCHO was measured using the NOAA Airborne Cavity Enhanced Spectrometer (ACES). 17 Light from an LED centered at 455 nm was coupled into a high finesse optical cavity, and the wavelength resolved intensity of light between 438 and 470 nm exiting the cavity was measured using a spectrometer and CCD camera. The resulting spectra were fit using standard spectral fitting routines contained in the DOASIS software package. 32, 33 These fitting routines use literature cross sections for CHOCHO, CH 3 COCHO, NO 2 , the oxygen dimer, O 4 , and water vapor to retrieve the concentrations of those species. This fitting method works best for species whose cross sections have large differential structure, such as CHOCHO and NO 2 , and performs less well when the cross sections are unstructured, as is the case for CH 3 COCHO. However, the concentration of CH 3 COCHO in the fire plumes was often high enough to make a retrieval possible. An example fit is shown in the supplement ( Figure  S1 ). Due to the relatively low ambient concentrations of CHOCHO, data previously had been reported at 5 s intervals, with a 2σ detection limit of 35 pptv, 17 and a spatial resolution of 500 m at typical aircraft speeds. CHOCHO mixing ratios in the plumes often exceeded 500 pptv, and the plumes exhibited a sharp temporal structure, so the data were reported at 1 s intervals, with a 2σ detection limit of 80 pptv. For CH 3 COCHO, the 1 s detection limit calculated by running the retrieval on clean zero air (i.e., air without any absorbers) is ∼2 ppbv, with an uncertainty of at least 30%, in agreement with previous work. 30 However, for weak, diffuse absorbers such as CH 3 COCHO the detection limit in fire plumes is potentially worse due to the presence of strong absorbers such as NO 2 and potentially interfering species such as biacetyl.
All other species were measured at 1 s intervals. Carbon monoxide (CO) was measured using vacuum ultraviolet fluorescence.
34 HCHO was measured with the NASA In-Situ Airborne Formaldehyde instrument, which uses laser-induced fluorescence.
35 Methane (CH 4 ) and carbon dioxide (CO 2 ) were measured using a Picarro 1301-m infrared wavelength scanned cavity ring down spectrometer. 36 Nitrous acid (HONO) was measured using an iodide chemical ionization mass spectrometer.
37 ACES is also capable of measuring HONO, but the mass spectrometer data showed higher precision and are used in the following analysis. Sulfur dioxide (SO 2 ) was measured using pulsed UV fluorescence. 38 Particle size distributions were measured using an ultra high sensitivity aerosol spectrometer (UHSAS). 39 The optical growth of particles due to water uptake from 20% RH to 90% RH (f RH(90%,20%)) was measured using a multichannel cavity ring-down instrument. 40 Black carbon was measured with a single particle soot photometer (SP2). 41 The last two instruments were only included on the SENEX payload, and were not available for SONGNEX.
Plume Analysis. Fire plumes were identified by large and correlated enhancements in fire tracers such as CHOCHO, HCHO, CO, and black carbon. A total of 17 plumes with significant (>200 pptv) CHOCHO enhancements were identified. We did not observe any fire plumes without CHOCHO. The majority of the plumes were intercepted during the SENEX campaign on the night of 2/3 July 2013 in the vicinity of New Madrid, MO (36. 588 N, 89.535 W), when a total of ten intercepts were performed. The general region of the flight, as well as the flight track and plume intercept locations are shown in Figure 1 . All plume intercepts occurred in darkness at least 25 min after sunset (20:15 CDT) . Large (>1 ppbv) enhancements in HONO were observed in the fire plumes, which, given the short time since sunset, implies that the plumes were at most only a few hours old. No major fires were reported in the local news, and no fires were found in the Fire INventory from NCAR (FINN) database 42 or in the US Department of Agriculture (USDA) Active Fire Mapping Program database 43 on 2/3 July 2013 within 100 km of the intercepts. Numerous fires were found in the FINN database near New Madrid in the 2 weeks before and after the flight, the majority of them northwest of the town (red highlighted area in Figure 1a ), and it is likely that the intercepted plumes originated from the same general area. The locations of these fires corresponded to crop fields, and it is likely that the fires intercepted by the WP-3D were also small agriculture fires. Based on data from the USDA CropScape database, the main crops grown upwind of the intercepts were soybeans, corn, and cotton. 44 Five additional intercepts occurred during SENEX on four different daytime flights. During SONGNEX, two plumes were intercepted during the day, one in Florida and the other in Oklahoma. The FINN database had two fires at roughly the corresponding time and less than 10 km upwind of the Florida intercept. However, no fires were reported within 100 km of the other daytime intercepts. Details on all plume intercepts are given in the tables in the supplement. The fuel being burned in Florida was most likely sugar cane, while the dominant vegetation types near the Oklahoma intercept were grass and winter wheat. 44 For each intercept, a normalized excess mixing ratio (NEMR),
fire bkg fire bkg (1) was calculated for CHOCHO, CH 3 COCHO, HCHO, CH 4 , and HONO. Since the plume ages are not accurately known, we do not interpret the observed enhancement ratios calculated in eq 1 as emission ratios. 3 While NEMRs are usually normalized to CO, we have also calculated NEMRs for CHOCHO and CH 3 COCHO normalized to HCHO for comparison with the previous literature. 20, 21 In addition to NEMRs, the modified combustion efficiency (MCE) was calculated for each plume in a similar manner in order to determine the stage of the fire (flaming or smoldering) and examine whether the fire stage affected emissions.
Average background concentrations immediately before and after each plume were calculated and linearly interpolated during the time of the intercept. In several instances one of the background periods was not at the same altitude as the plume intercept. For these plumes, no linear interpolation was performed, and instead the background concentration at the plume altitude was used to represent the background within the plume. While the instruments used are stable with changes in pressure, data that were not at the same altitude as the background were not used in the analysis to avoid any potential artifacts caused by background variations with altitude. For any given plume, the variations in the backgrounds for the different species were significantly less than the enhancements, and did not affect the retrieved NEMR. The background mixing ratio for each species was then subtracted from the plume mixing ratio to give the excess mixing ratio, ΔX. The excess mixing ratio for species X was then plotted against the excess mixing ratio for CO or HCHO, and the slope of the linear orthogonal distance regression was taken as the NEMR. The time series of CHOCHO, HCHO, and CO for the plume intercepted at 20:55 CDT on 2 July 2013, as well as sample correlation plots, are shown in Figure 2 .
Roughly half of the plumes intercepted on the night of 2/3 July 2013 were potentially downwind of the New Madrid coalfired electric power plant (black marker in Figure 1b) , and while emissions from the plant could bias the NEMRs reported here, the characteristics of these intercepts suggests that this is not the case. The plume from the plant was intercepted three times when it was not mixed with fire plumes, twice during the night of July 2/3, and once during the day on July 8. As expected, no enhancements in HCHO were observed during these intercepts. The ACES instrument was zeroing during the night intercepts of the power plant plume, but no CHOCHO enhancements were observed during the day. Based on distance and wind speed, the daytime plume was intercepted approximately 45 min after emission, significantly shorter than the expected CHOCHO lifetime of several hours. 46 The plant does emit CO, but the CO enhancements observed in the power plant plume intercepts were ∼100 ppbv, significantly smaller than the enhancements of over 1000 ppbv observed in the fire plumes. The NEMRs relative to CO will be affected at most by 10%, but the MCE might be biased high by the emissions of CO 2 from the plant. SO 2 data were not reported in the fire plumes due to potential interferences from fluorescing hydrocarbons present in biomass burning emissions and thus cannot be used to separate out any influence from the power plant. However, in the biomass burning plumes CO, CO 2 , and HCHO were all well correlated, which was not the case in the two power plant plumes. Additionally, the CO outside of the fire and power plant plumes was essentially the same both close to and far away from the power plant, indicating that the power plant had a minimal influence on the background levels of CO. Based on the measurement uncertainties for CO (5%), HCHO (10%), and CHOCHO (15%), we assign a conservative uncertainty of 20% to the CHOCHO to CO NEMRs and 25% to the CHOCHO to HCHO NEMRs by linear addition of the uncertainties in the measurements.
■ RESULTS AND DISCUSSION
Validation of Method Using Other Species. NEMRs for CH 4 , HONO, and HCHO were calculated for each plume and are shown in the supplement ( Figure S2) , along with the range of values from the literature. With the exception of the daytime HONO values, all retrieved NEMRs were within the range of previously reported values. Except for one plume (discussed below), HONO mixing ratios in the daytime plumes were below 100 pptv and consistent with known emission sources or gas-phase production from OH+NO. 37 The retrieved HCHO to CO NEMRs are on the high end of previous laboratory measurements, 4 but are consistent with HCHO emissions from agricultural fires observed in the southeast US from the NASA DC-8 in September 2013 (average of 0.038). 5 Modified Combustion Efficiencies. MCE values for the 17 plumes ranged between 0.91 and 0.97. An MCE of 0.9 indicates that the fire was half smoldering and half flaming, 3 so the fires observed during these two campaigns were generally more flaming in nature. The CHOCHO to CO NEMRs did not appear to vary strongly with MCE, consistent with previous measurements of HCHO and CH 3 COCHO emission ratios that were independent of MCE. 4 The CHOCHO to CO NEMRs as a function of MCE are shown in the supplement ( Figure S3 ).
CHOCHO Emissions. NEMRs for CHOCHO with respect to CO and HCHO are shown in Figure 3 for all the plume intercepts. Additionally, ratios of CHOCHO to CO and HCHO from the literature are shown. The CHOCHO to CO NEMRs from the field averaged 0.0016 ± 0.0009, higher than the single CHOCHO to CO emission ratio from laboratory data, 20 but a factor of 4 lower than the value used by Fu et al. for the global CHOCHO budget, 22 which used emission ratios derived from the two earlier laboratory studies. 20, 21 The field CHOCHO to HCHO NEMRs range from 0.008 to 0.11, with an average of 0.038 ± 0.02. The CHOCHO to HCHO ratios observed here are consistent with those observed several hours downwind of a fire in California 14 and with satellite observations over Africa during the burning season, 13 but are significantly lower than previous laboratory measurements, which average 1.18 (i.e., a greater than 1:1 molar ratio of CHOCHO to HCHO emission). The literature values closest to the field data are from burning a synthetic log and mixed hardwoods in a wood stove, combustion sources unlikely to be representative of what was observed from the aircraft.
Since the plumes potentially were aged, we will consider processes that could cause the observed NEMRs to be lower than the literature emission ratios. The lower NEMRs could be due to a preferential production of HCHO or a preferential loss of CHOCHO due to OH oxidation, photolysis, or aerosol uptake. For the night intercepts, aerosol uptake should be the main process affecting CHOCHO NEMRs. Photolysis does not occur at night, and since a large source of OH in fire plumes is the photolysis of HONO and HCHO, 6, 45, 47, 48 OH concentrations are expected to be much lower in the nighttime plumes. Liu et al. observed little to no O 3 and PAN production in a fire plume intercepted near sunset, in contrast to faster production of those species in daytime plumes, 5 supporting limited photochemistry in these fire plumes at night. For these reasons, we will first discuss the nighttime intercepts from SENEX.
HCHO has a low Henry's law coefficient 49 and is not known to be taken up by aerosol, 50 but CHOCHO has a Henry's coefficient 2 to 4 orders of magnitude higher 51 and is readily taken up by wet aerosol. 50,52−54 Past work has shown that aerosol liquid water content plays a major role in controlling the amount of CHOCHO taken up by aerosol. 53, 55 However, biomass burning particles are known to be less hygroscopic than other aerosol particle types. 3, 45, 56, 57 Only a few measurements of particle water uptake were available in the fire plumes, but little to no optical growth due to humidification was observed in those measurements, consistent with the aerosol being less hygroscopic. Even though the relative humidity during the nighttime intercepts was high (>80%), the limited growth observed during SENEX, in addition to previous work, suggest that there was little water present in the aerosol in the biomass burning plumes, limiting the amount of CHOCHO uptake.
Determining the magnitude of potential aerosol uptake is complicated since the fire locations, and thus their transport distance and time to the aircraft, are not known. However, eight of the ten intercepts performed on the night of 2/3 July 2013 were potentially from the same fire based on location and wind direction. The fire location was unknown, but it was likely northwest of the town of New Madrid, MO, consistent with wind direction and the locations of fires before and after the date of the flight. These plumes were sampled over several hours in many locations, so any changes in the NEMRs could simply be due to sampling smoke from different stages of the fire. Dilution into air masses with different background concentrations of the species of interest could also affect the NEMR, 58 but we do not expect this to be an issue at night. The plume intercepted at 21:46 CDT is downwind of the plume intercepted at 20:55 CDT (outlined in black in Figure 1b) , and based on wind speed, the time between the intercepts (48 min) was close to the transport time (∼40 min) between these two locations. The intercept altitudes were within 50 m of each other, and the variation in the background levels of CO, HCHO, and CHOCHO were small compared to the enhancements of those species, so it is unlikely that there was mixing into air with different backgrounds that could have affected the NEMR. 58 The CHOCHO to CO NEMR was larger in the downwind intercept (0.0014 compared to 0.0010), as was the CHOCHO to HCHO NEMR (0.037 to 0.031). These increases are smaller than the uncertainties, so it is not possible to assess potential CHOCHO production through dark reactions. However, the aerosol surface area (>3000 μm 2 /m 3 ) and the RH (>90%) were high in both intercepts, so assuming that nighttime production was negligible, if there had been rapid aerosol uptake of CHOCHO we should have observed clear evidence for a decrease in CHOCHO during plume transport.
Due to changes in the wind direction during the course of the flight, we cannot discern which of the other six intercepts, if any, were downwind of others. Since we do not know the exact location of the fires, we cannot calculate an exact distance from the source. However, since it is likely that New Madrid, MO was between the fire and the WP-3D aircraft, we can estimate the distance from the source using New Madrid as a reference point. The CHOCHO to CO and HCHO NEMRs as a function of distance from New Madrid are shown in Figure 4 . The background levels of all relevant species were constant for all eight intercepts, and the intercept altitudes were generally within 200 m of each other. In general, the greater the distance from the source to the plume, the higher the CHOCHO to CO NEMR, which we would not expect if aerosol uptake were the most important process affecting CHOCHO to CO NEMRs. The CHOCHO to HCHO NEMRs also increased, but that trend was not as apparent.
For the daytime intercepts, both photochemistry and aerosol uptake could affect the CHOCHO NEMRs. We do not have a way to determine the age of plumes intercepted during the day during SENEX. However, the age of the two plumes intercepted during SONGNEX can be estimated with reasonable certainty. Two fires were identified in the FINN database near the intercept in Florida on 19 March 2015, both roughly 8.5 km upwind. Using the windspeed measured on the plane at the time of the intercept, the transport time from either fire was approximately 45 min. For the plume intercepted in Oklahoma on 20 April 2015, no fire was found in the FINN database. However, the plume was intercepted at 15:53 CDT on a relatively warm and sunny day, and over 0.4 ppbv of HONO was measured, with a HONO to CO NEMR of 0.002. Several studies have found that the HONO to CO ratio decreases downwind of daytime fires, sometimes by as a much as a factor of 10 over 20 min, 37, 45 implying that the loss of HONO far outweighs production in daytime fire plumes. If we assume that the only loss of HONO is due to photolysis, and that the production rate is sufficiently small compared to the loss rate that it can be ignored, we can estimate the plume age using the measured HONO NEMR, an estimate for the initial emission ratio, and the calculated photolysis rate. Stockwell et al. report an average HONO emission ratio of 0.0045 for all fuel types. 4 Taking this as the initial value and using photolysis rates from the National Center for Atmospheric Research Tropospheric Ultraviolet and Visible (NCAR TUV) model 59, 60 gives a plume age of roughly 9 min.
Particle composition and water uptake were not measured during SONGNEX, but we expect that the particles will take up little water, similar to what was observed during SENEX. Additionally, the relative humidity during the SONGNEX intercepts was much lower than observed for the SENEX intercepts. In Florida the humidity was 62%, below the deliquescence relative humidity for laboratory generated biomass burning aerosol, 61, 62 while the humidity in Oklahoma was only 34%, at or below the efflorescence relative humidity of many common atmospheric salts, 63 so the aerosol should have been dry or nearly so. In chamber experiments with dry aerosol seed, no CHOCHO uptake was observed, 50, 52 so it is likely that CHOCHO loss to aerosol was even more limited for the SONGNEX intercepts than during SENEX.
Since these two intercepts happened during the day, photolysis and oxidation by OH will reduce the observed CHOCHO concentrations and NEMRs. Using the plume ages calculated earlier, we can estimate the magnitude of this effect for the SONGNEX data from the photolysis rates from the TUV model. No OH measurements were available, so a value of 1 × 10 7 molecules cm −3 was used for both plumes, 45 although values half as large have been observed in fires. 56 The OH concentration used is likely higher than the actual values, so the CHOCHO losses calculated here are upper limits. For the Florida plume, this gives an estimated loss of 45%. However, a loss of 71% is required to bring the observed NEMR into agreement with the value from Fu et al. 22 For Oklahoma the calculated loss is only 11%, but the observed NEMR is 30% lower than the model CHOCHO emission rate. If we include aerosol uptake using a high value of γ = 2 × 10 −3 for the uptake coefficient, 46 the CHOCHO loss is 15%, still too low to close the gap between the literature emission ratio and the measured NEMR. Particle concentration measurements were not available for the Florida intercept, but given the hydrophobic nature of biomass burning aerosol, it is likely that aerosol uptake of CHOCHO was also limited during that time.
The same photochemical processes that reduce the CHOCHO to CO NEMRs during the day could also reduce the CHOCHO to HCHO NEMRs. However, CHOCHO and HCHO have similar photolysis rate constants 28, 64 and similar rate constants with respect to OH, 65 ,66 so their loss rates will be similar. Numerous studies have observed increases in HCHO downwind of daytime fires due to oxidation of various precursors by OH. 25, 45, 47, 56 These increases range from a factor of 1.5 over 4 h 56 to a factor of 3.7 in 0.5 h. 47 The observed increases in HCHO are still insufficient to explain the nearly factor of 10 discrepancy between the Florida and Oklahoma CHOCHO to HCHO NEMRs and the literature values. Additionally, many of the VOCs that produce HCHO can also produce CHOCHO, with the ratio of the CHOCHO yield to the HCHO yield ranging from ∼0.03 for species like ethene to over 10 for acetylene, 19 so any increases in HCHO downwind of fires may be partially offset by increases in CHOCHO. Fully examining the evolution of carbonyl compounds downwind of fires is beyond the scope of this paper, but should be investigated in future laboratory and field work.
CH 3 COCHO Emissions. CH 3 COCHO NEMRs against CO and HCHO from the SENEX nighttime intercepts are shown in Figure 5 , as are ratios from previous studies. CH 3 COCHO was not observed during any of the daytime intercepts. The mixing ratios of CHOCHO in the daytime plumes generally were low (∼200−300 pptv), and based on the night intercepts, CH 3 COCHO is emitted at two to four times the rate of CHOCHO. Assuming a similar ratio for the daytime plumes, even without including loss processes the CH 3 COCHO concentrations would have been below the ACES detection limit for CH 3 COCHO of several ppbv.
Our CH 3 COCHO to CO NEMRs average 0.006 ± 0.001, a factor of 6 higher than reported previously. 4, 25 The CH 3 COCHO to HCHO NEMRs are in better agreement with those studies, but our HCHO to CO NEMRs are two to three times higher than those from past work, and the increased HCHO brings the observed CH 3 COCHO to HCHO NEMRs closer to the literature values for the CH 3 COCHO to HCHO emission ratios. These two studies both measured CH 3 COCHO using PTR-MS, and in experiments where CH 3 COCHO was injected into an environmental chamber, a PTR-MS instrument and broadband absorption instruments similar to the one used here agreed within 25%. 16 While these techniques may agree when only CH 3 COCHO is present, in fire plumes there are other species that potentially have similar absorption cross sections or the same mass as CH 3 COCHO, which could interfere with both techniques.
Substituted bicarbonyls such as biacetyl (CH 3 COCOCH 3 ) are emitted from fires in large quantities and have visible absorption cross sections similar to that of CH 3 COCHO. Thalman et al. did not observe an interference when both CH 3 COCHO and biacetyl were present, 16 but the biacetyl concentrations were a factor of 3 lower than the CH 3 COCHO concentrations in those experiments, 16 while the reverse will be true in fires. 4 Also, the instrument used by Thalman et al. was operated at a higher resolution (0.5 nm) than our instrument (1 nm), and at the lower resolution used by ACES we will not be able to robustly retrieve CH 3 COCHO and biacetyl concentrations. Species with the same mass as CH 3 COCHO such as propenoic acid (CH 2 = CHCOOH) have been reported in fire emissions analyzed using GC-MS, 67 but since CH 3 COCHO was not reported the fraction of the signal from each species is not known.
We attempted to correct the retrieved CH 3 COCHO concentrations using the literature cross sections for C H 3 C O C H O , 6 8 b i a c e t y l , 6 9 a n d a c e t y l p r o p i o n y l (CH 3 COCOCH 2 H 3 ) 70 (all shown in Figure S4 ) and previously reported emission rates, 4 assuming that the observed signal attributed to CH 3 COCHO is actually the sum of the emissions of all three bicarbonyls weighted by their absorption cross sections.
where E X is the emission ratio of the given bicarbonyl divided by the emission ratio for CH 3 COCHO, and C X is the cross section for the bicarbonyl divided by the CH 3 COCHO cross section. The emission ratios in Stockwell et al. are reported for given masses, 4 and we assumed that all the signal at a given mass was from the corresponding bicarbonyl. We used the average emission ratio for each mass over all the fuel types, and since the cross section ratios are not constant, both the cross section ratios at 445 and 450 nm were used. This gives a correction factor of 2 ± 0.5, and results in an average CH 3 COCHO to CO NEMR of 0.003 ± 0.001, still roughly three times greater than previously reported ("scaled" points shown in Figure 5 ). Whether this is due to coemitted species with the same mass or with similar absorption cross sections is not known, and further work is needed to resolve this discrepancy.
Implications. The impact of applying the lower CHOCHO NEMRs to global emissions from biomass burning will depend on how the emissions vary with fuel type. Stockwell et al. examined several crop types such as rice straw and wheat and found the HCHO emissions from those fuels to be close to or greater than the median HCHO emission ratio. 4 Additionally, Akagi et al. found burning crop residue to be the third highest emitter of HCHO. 3 It is likely that the fire plumes examined here were from agricultural fires. If we assume that, like HCHO, CHOCHO emission ratios from burning crops are generally higher than from other fuels, then CHOCHO emission ratios from other fuels are likely to be the same or lower than the values reported here for agricultural fires, which are already a factor of 2−4 lower than the value used in the global budget. 22 Measurements of CHOCHO emissions from other fuel types are needed, but if the trend for HCHO holds for CHOCHO, then CHOCHO emissions from all fuel types are likely overestimated.
Modeling results indicate that primary CHOCHO emissions from biomass burning contribute 12% of the global CHOCHO budget. 22 If the CHOCHO emission ratios from other fires are similar to the fires examined here, the contribution of biomass burning to the global CHOCHO budget may be overestimated by up to a factor of 4, reducing the CHOCHO emissions from 5. further study to accurately quantify. The CHOCHO to HCHO NEMRs observed here are consistent with the ratios retrieved by satellites over areas dominated by biomass burning (∼0.08), 13 but are several times higher than ambient CHOCHO to HCHO ratios in nonbiomass burning influenced regions (∼0.02−0.04). 14, 15 However, there is considerable uncertainty in the downwind ratio of CHOCHO to HCHO since yields of these species from common biomass burning VOCs need to be measured more accurately. Laboratory experiments on biomass burning emissions, combined with field measurements such as these in larger fire plumes, will aid in the use of CHOCHO as a tracer for biomass burning emissions from satellites and will help improve global budgets of carbonyl emissions. Figure S1 : Sample fits for one plume intercept Table S1 : Data on the SENEX nighttime intercepts Table S2 : Data on the SENEX daytime intercepts Figure S4 : Absorption cross sections of substituted bicarbonyl compounds in the ACES retrieval window. The methylglyoxal cross section is from Meller et al., S5 the biacetyl cross section is from Horowitz et al., S6 and the acetylpropionyl cross section is from Messaadia et al. 
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